Abstract:The processes involved in the stimulated emission by photo pumping in (Zn,Cd)Se-ZnSe multiple quantum wells (MQWs) have been investigated at 77K for a series of different well widths. It has been shown by means of photoluminescence excitation spectroscopy that the confined excitons in the well play an important role in determining the lasing mechanism. The optical gain just above the lasing threshold is attributed to the recombination of an exciton accompanied by emission of one LO phonon. Far above threshold inelastic exciton-exciton scattering processes contribute significantly to the gain.
Introduction
Progress in the growth technology of 11-VI wide-gap semiconductors has opened the way to the first demonstration of blue-green laser diodes (LDs) based on strained (Zn,Cd)Se-Zn(S)Se quantum well structures. [l] More recently, the operation of blue LD has been reported in the lattice matched ZnSe-(Zn,Mg)(S,Se) system. [2] A detailed understanding of the lasing mechanism in 11-VI semiconductors is very important for the design of laser structures. In 111-V semiconductors (like GaAs or InP), it has been shown that recombination from the electron-hole plasma(EHP) is the dominant process for the optical gain. Due to the large carrier densities present at the lasing threshold, the bound states of the excitons are screened out leaving only coulomb-correlated continuum transitions. Consequently, in 111-V LDs, apart from few exceptions, for example, [3] ,only band-to-band transitions have been included in gain spectra calculations. However, the situation is different for 11-VI semiconductors because the Mott density, above which excitons are screened out, is estimated to be much larger than that in 111-V semiconductors ( 7 x 1016/crn3 in GaAs compared with 6 x 101s/cm3 in ZnSe). This differences arises primarily from the much smaller dielectric constant in ZnSe and the larger electron effective mass.
In this paper, we discuss the recombination processes involved in the stimulated emission at 77K from a series of photo-pumped (Zn,Cd)Se-ZnSe MQW structures with different well widths by means of photo-luminescence excitation spectroscopy(PLE). Our intention is to optically probe the sample under lasing conditions. Specifically whether there remains a strong excitonic character to the absorption during lasing. We will do this by monitoring the PLE spectrum above threshold. We show that even above threshold there remains a strong excitonic character to the PLE spectrum so demonstrating that excitonic states play a central role in the lasing mechanism.
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Historically, exciton-related lasing mechanisms have been studied for bulk 11-VI crystals at low temperature. Guillaume et a1. [4] attributed the optical gain in CdS excited by an electron beam at 10K to three exciton-related processes namely, (1) a low gain process owing to the annihilation of a free exciton with the emission of a photon and a LO phonon (Ex-LO phonon process), (2) a medium gain process of exciton-exciton inelastic scattering, (3) a high gain process involving exciton-electron scattering. More recently, Newbury et a1. [5] concluded that the exciton-exciton inelastic collision is the dominant stimulated emission process at 6K in an optically pumped ZnSe epilayer. Excitonrelated lasing processes have been investigated in multiple quantum well (MQW) structures such as (Zn,Cd)Se-ZnSe [6, 7, 8, 91 , ZnSe-Zn(S,Se) [lO] , (Zn,Cd)Se-Zn(S,Se) [ll] and (Zn,Cd)S-ZnS [12] . Since the exciton binding energy is enhanced and also the exciton-LO phonon coupling is reduced in the quasi-two dimensional confinement,[lJ], Ding et a1. [8] have pointed out that excitons can play an important role even at room temperature.
Experimental procedure
The (Zn,Cd)Se-ZnSe MQW layers were grown in a VG Semicon molecular beam epitaxy system using conventional Knudsen cell sources of zinc, cadmium and selenium on semi-insulating (Crdoped) (100) GaAs substrates at a temperature of 280 oC. Details of the growth techniques have been published previously.
[l4]
The MQW structures consist of a ZnSe buffer layer (l.Opm), 15 cycles of Zno~80Cdo~20Se wells and ZnSe barriers and a ZnSe cap layer (0.20pm) and in these experiments, a series of samples with different well widths 15A, 30A and 120A and a constant barrier width of 80A were investigated. Given an exciton Bohr radius (aB) of 35A in bulk Zno,80Cdo~20Se, these well widths cover the range from 0.43aB to 3.4aB. Thus we span the transition from quasi-two-dimensional to bulk excitonic character.
The samples were cleaved to approximately 500pm and mounted on a copper cryostat holder. An Xe-C1 excimer laser (LAMBDA PHYSIIC LPX-100) pumped tunable dye laser (LAMBDA PHYSIIq FL2001) with dyes of Coumarin 120 and Coumarin 47 was used for the photopumping to cover the spectral range from 440 to 476nm. The pulse duration of the pump laser is 5 ns which is much longer than the recombination time in the materials, so that the excitation was quasi-cw. The pump intensity was controlled using neutral density filters and was focused onto the sample surface using a cylindrical lens. The pulsed emission signal with a repetition rate of 15 Hz from the cleaved edge of the sample was focused into a Spex 0.6m single grating monochromator using collection optics and was averaged using a boxcar integrator. The temperature was held constant at 771L 3. Results a n d discussion Figure 1 , curve (a) shows the cw photoluminescence (PL) spectrum from top face of the sample with a well width of 15A under low power excitation (10mW/cm2). Since the light hole valence band in the well is lowered in energy with respect to the heavy hole band due to the compressive strain and confinement, the emission peak at 2.7411eV originates from the radiative recombination of the confined n=l heavy hole excitons (designated as Exlhh). Reflectivity and cw-absorption measurements show that the Stokes shift of this peak is 3.0meV. Figure 1 , curves (b)-(d) are the emission spectra from the cleaved facet as a function of increasing excitation intensity. The excitation photon energy is 2.8171eV in this case. At an excitation intensity of 0.079kW/cm2, the spectrum has a single peak whose position is same as that in the cw PL. An emission band designated as L appears in the low energy side of the main peak at about l.OkW/cm2 and grows superlinearly with increasing excitation intensity. The superlinear increase and spectral narrowing of the L band, indicates the initiation of stimulated emission, and occurs at an excitation intensity of IOkW/cm2. We note that the emission peak of the lower band (Exlhh) does not shift with the increase of the excitation intensity and is still be observable above the lasing threshold so that the lasing line is at a substantially lower energy than the cw PL peak. The energy separation between the cw PL and the lasing peak at the threshold is 24meV. 
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The lasing peak intensity of this sample as a function of excitation wavelength is shown in Fig. 2 for various pump intensities. The photo-luminescence excitation spectrum, curve (a), is very similar to the low power cw-absorption, and consists of energy levels of the ZnSe barriers (and/or ZnSe cladding layer) and confined levels in the Zno~,oCdo,20Se wells. The peak at 2.7450eV is assigned Exlhh and the peak at 2.7618eV originates from the n=l light hole exciton (Ezllh). With increasing excitation intensity, the excitonic peaks become less distinct, and there is a small shift to higher energy and a decrease in the exciton transition strengths. The net shift of the peak is the result of several effects, namely, the exciton-band filling (a blue-shift), a reduction of the exciton binding energy due to the exciton-self screening (a blue-shift) and the renormalization of the bandgap (a red-shift). Similar, small blue-shifts has been seen in GaAs/(Al,Ga)AS MQWs under short pulse excitation which creates a population of excitons[l5, 161 and are attributed to exciton-exciton interactions. The blue shift is observed only for the Exlhh, the shift for Ezllh is essentially zero. A complete theoretical analysis of the many-body interactions is needed for a quantitative understanding of the peak shifts and bleaching.
It is important to clarify the energy shifts observed. To be consistent with the notation in 111-V semiconductors we define the Stokes shift as the difference between the absorption (or PLE) and the emission energies. We also define AElase, to be the energy difference between the Exlhh peak in the PLE and the lasing line. Thus AElase, changes with excitation intensity.
The AElaSe, value at the lasing threshold (denoted AEfahseP) of this sample is much larger(AE,tahsep = 27.lmeV) than the Stokes shift (3meV). This value is close to both the LO-phonon energy of 3lmeV and the exciton binding energy of w 35meV. Two possible processes can be responsible for the lasing. One is the LO-phonon assisted recombination of excitons and the other is is the exciton-exciton scattering process. The phonon assisted process is exciton---+LO-phonon + photon and the energy balance for the process is given by fiwL = E, -Eex -ELO + where E, is the band gap, E,, is the exciton binding energy, ELO is the LO-phonon energy and EgTm is the kinetic energy of the exciton. In this case, AEl$ser = ELO assuming that E;rn is negligibly small. Recent investigations of Raman spectra of ZnzCdl-,Se mixed crystal have shown that LO-phonon spectrum versus solid composition (2) is a single mode type, and the ELO of the Zno,80Cdo~,oSe alloy is estimated to be about 30meV. [17] If this process is the mechanism of the stimulated emission then first the AE,ttSer value should be equal to ELO and should not depend on the well width (Lw). Secondly no red shift of the lasing line sould be observed with increasing the photo pump intensity. The exciton-exciton scattering process can be described as follows:
exciton(A) + exciton(B)-electron + hole + hot on The energy conservation condition can be written as fiwp = E, -2Ex -SEkin + E: : :) + E: : :) where 6Ekin is the kinetic energy of the free electron and hole resulting from this process. If the lowest conduction and the highest valence bands are unfilled and the kinetic energy of the excitons are small enough at the lasing threshold, the SEki, value is expected to be zero. Therefore, AEltSe, = Eex With increasing excitation intensity, the conduction and valence bands begin to be filled with free carriers. In the three dimensional case, we can show that [5] where A E represents the red shift of the lasing line. In the two-dimensional case, we obtain similarly A E cc 1,112. If the exciton-exciton scattering is the process for the lasing in the MQW structures at the threshold, the AEf,"Ser value corresponds to the binding energy of quasi-two dimensional excitons which varies with the Lw. Figure 3 shows the exciton binding energy of n=l heavy-hole exciton (E,,) in the ZnSe-Zno,80Cdo.20Se-ZnSe quantum well as a function of Lw calculated using a two parameter variational approach. In this analysis, the conduction and heavy hole band discontinuity (AE,, AEv-hh) is assumed to be AEc=168meV and AE,-hh=66meV, respectively and the calculation has been done for the two different in-plane masses of heavy hole ((a)mhhll = 1.46m0, (b)mhhll = 0.50mo). As far as we are aware there exists to date no comprehensive measurements of the valence subband dispersion in these materials. However, the actual in-plane mass would be between the two. The E,, value at Lw=15A is estimated to be in the range between 37meV and 45meV which is substantially larger than the observed AE;tSeT value (27.lmeV). If exciton-exciton scattering is responsible ofr the lasing action AE,t,"Ser = E,,, and should follow the well width dependence of the binding energy. Furthermore with increasing photo-pump intensity there should be a square-root dependency on the photo-pump intensity.
Consequently, as far as the energy value is considered, the exciton-LO phonon scattering process is more probable for the stimulated emission at the threshold pumping intensity. In order to test this assignment further, the well width dependence of the lasing transition has been studied. Figure 4 shows the AE,t,"SeT and the Stokes shifts of the cw PL as a function of well width. The AE,t,haer data lie between 27.lmeV and 31.5meV, and do not show any distinct dependence on the well width. This is is consistent with the lasing mechanism at threshold being LO-phonon mediated rather than due to exciton-exciton scattering. The Stokes shifts are in the range between 3.0 and 7.7meV1 which is substationally smaller than the AEzser . Therefore, it is expected that the localization of excitons to the alloy disorder and/or the fluctuation of the well width is not directly related to the lasing mechanism in the series of samples investigated here. This is in contrast to some recent work [7, 8, 91 in which it was convincingly argued that the lasing mechanism arose from an inhomogeneously broadened band-edge. This was demonstrated by showing the emergence of the stimulated emission from the peak of the luminescence. In our samples the stimulated emission does not emerge from the peak of the cw-luminescence but at some 30meV lower energy. The difference is due to the presence of a large apparent Stokes shift in their samples which they attribute to re-absorption. As the cw-PL from the top surface and the low intensity pulsed PL from the cleaved facet show peaks at the same energy (see Fig. 1 ) we are confident that re-absorption is not shifting the peaks in our sample.
Thus we believe the LO-phonon mechanism is responsible for the lasing at threshold in our samples but not necessarily in theirs.
The dependence of the EIlhh excitation peak, the lasing energy and the AE,,,,, on the excitation intensity for the MQW sample (~~= 3 0 h ; ) are shown in Fig. 5 . In this sample, the excitonic peak can be observed up to about I = 50 x Iih which is the largest among the three MQWs. The lasing energy drops rapidly by about 3meV if the excitation poweris increased from 1.0 x Ith to 1.5 x Ith, remains constant in the range between 1.5 x Ith and 8.0 x Ith and tends to decrease again above I = 8.0 x Ith.
In order to analyse the red shift of the lasing peak (designated as AE), the detailed data of AE are plotted as a function of (I -Ith) in a log -log scale (Fig. 6 (b) ). The data obtained in the ZnSe epitaxial layer at 10I< are also plotted ( Fig. 6 (a) ) for comparison. [5] AE of the ZnSe epitaxial layer is proportional to the ( I -Ith)'f3 in the range from I -Ith = 2.0 x Ith to 10 x Ith. This has been interpreted as the lasing occurs as a result of the annihilation of an exciton via exciton-exciton inelastic scattering. In the case of the MQW sampie, we expect, as above, AEcc (I -Ith)l/2. AS can be seen from Figure 6 (b) this is found if I -Ith is above about 7 x Ith. Thus we believe that the dominant lasing mechanism above about 7 x Ith is inelastic exciton-exciton scattering. This is further supported by the fact that above about 7 x Ith the PLE spectrum begins to blue-shift in accord with the exciton-exciton scattering mechanism[l5, 161.
Conclusioils
PLE spectra of the stimulated emission in the ZnSe-Zno.,,Cdo,,oSe MQWs have been investigated at 77IC with the series of different well widths. It has been shown that the AEfhe7 value is substan- tially larger than the Stokes shift of the cw PL and equal to the LO-phonon energy. Furthermore it is independent of the well width. Even under lasing conditions, excitonic peaks are clearly seen in the PLE spectra confirming the importance of excitonic transitions in the lasing process. We conclude that exciton-LO phonon scattering is the dominant process for the optical gain in the range from I = Ith to 7 x Ith.
